Abstract: Theories of quantum gravity suggest that Lorentz invariance, the fundamental symmetry of the Theory of Relativity, may be broken at the Planck energy scale. While any deviation from conventional Physics must be minuscule in particular at attainable energies, this hypothesis motivates ever more sensitive tests of Lorentz symmetry. In the photon sector, astrophysical observations, in particular polarization measurements, are a very powerful tool because tiny deviations from Lorentz invariance will accumulate as photons propagate over cosmological distances. The Standard-Model Extension (SME) provides a theoretical framework in the form of an effective field theory that describes low-energy effects due to a more fundamental quantum gravity theory by adding additional terms to the Standard Model Lagrangian. These terms can be ordered by the mass dimension d of the corresponding operator and lead to a wavelength, polarization, and direction dependent phase velocity of light. In this paper, we analyze optical polarization measurements from 63 Active Galactic Nuclei (AGN) and Gamma-ray Bursts (GRBs) in order to search for Lorentz violating signals. We derive the first s et l imits o n e ach o f t he 1 0 individual birefringent coefficients of the minimal SME with d = 4, with 95 % confidence limits on the order of 10 −34 on the dimensionless coefficients.
Introduction

18
Lorentz invariance is the fundamental symmetry of Einstein's theory of Special Relativity. It has 19 been established by many classic experiments, such as Michelson-Morley, and 20 Ives-Stilwell [1] [2] [3] and tested to great precision by modern experiments [4] . Theories of quantum 21 gravity suggest that there may be minute deviations from Lorentz symmetry, which motivates ever 22 more sensitive tests [5] [6] [7] [8] [9] [10] .
23
Violations of Lorentz symmetry can lead to an energy-dependent vacuum photon dispersion 24 relation, birefringence as well as anisotropy of the vacuum [11] . All of these effects can be tested with 25 astrophysical observations, which are particularly sensitive because minuscule effects accumulate 26 as photons propagate over very large distances resulting in measurable effects [12] . Vacuum 27 birefringence leads to a wavelength-dependent change of the Stokes parameters, generally resulting 28 in a rotation of the linear polarization angle. Astrophysical tests of Lorentz symmetry include time of 29 flight measurements (see e. g. Refs. [13] [14] [15] [16] [17] ) and polarization measurements (see e. g. Refs. [18] [19] [20] ).
30
The latter are generally more sensitive than time-of-flight measurements by the ratio between the 31 period of the light wave and the time resolution of dispersion tests, which is usually limited not by 32 the time resolution of the detector but by source-dependent flux variability time scales and photon 33 statistics.
Spectropolarimetry
86
When measuring the polarization angle as a function of energy, ψ z (E), we can directly compare the result to the position angle resulting from equations (19) and (20) . In order to do so, we first find the source polarization angle ψ z from the observed polarization angle ψ m (Ē) at the median energyĒ of the detector bandpass. From Eq. (23) and (24) we have Q z = Q m (Ē) and U z = U m (Ē) cos(2Êϑ) .
Next, we linearize the change in polarization angle, which is adequate for small changes over the bandwidth:ρ := dψ dE (Ē) = ϑ sin(2Ēϑ) sin(4ψ z ) 2 cos 2 (2ψ z ) + cos 2 (Ēϑ) sin 2 (2ψ z ) .
Using a linear fit of ψ m (E) we determine the slope ρ m and uncertainty σ ρ . We then quantify the 87 compatibility of the measurement with a given set of SME coefficients using the the probability P(ρ < 88 |ρ m | |ρ|, σ ρ ) assuming a normal distribution p(ρ).
89
The interpretation of the probability P is as follows. cancel, this is very unlikely, in particular when observing multiple astrophysical sources.
115
Additivity of Stokes parameters allows us to integrate them over the detector bandpass, 
where we made use of Equations 23 and 24. We introduced the instrument-dependent normalization constant
and the instrument-dependent function
These integrals must be computed numerically, since T(E) is typically measured for each individual instrument. The advantage of formulating the problem in this way, however, is that N solely depends on the instrument being used, and F (ϑ) can be tabulated for efficient evaluation. All source properties (distance and direction) and SME coefficients are combined into the single instrument-independent parameter ϑ. In this analysis we used data from various optical telescopes employing a variety of filters. Table 1 lists the normalization constants N for the telescopes and filters used in this analysis, Fig. 1 shows the filter transmission curves, and Fig. 2 the F (ϑ). With those definitions, the maximum observable polarization for a 100 % linearly polarized source is
where we used Q 2 z + U 2 z = 1 in the last step. The corresponding observed polarization angle is
The function F (ϑ) determines the reduction of the observable linear polarization. It shows only a minor dependence on the exact shape of the transmission curve (compare for example the FORS1 R-band and the FORS2 R Special filters), but a clear dependence on the energy range covered by the filter can be seen: for small values of ϑ, the V-band filters lead to larger values of F (ϑ) than the R-band filters, and hence stronger sensitivity to Lorentz invariance violation. It is easy to show that in the limit of large SME coefficients lim 0 else and
Given a set of SME coefficients, source distance L z and directionn, we use equations (31) and (32) 116 to find the largest possible polarization fraction Π max given a measured polarization fraction Ψ m . We of the analysis. Values of Π max for arbitrary F (ϑ) and Ψ m were found using bilinear interpolation.
121
The probability to observe a polarization Π given a true polarizationΠ, can be written as [31, 32] :
where I 0 is the modified Bessel function of order zero, i 0 (x) = exp(−|x|)I 0 (x), and N is related to the statistical quality, e.g. the number of photons detected in a photon counting experiment. Use of the scaled modified Bessel function i 0 (x) is advantageous for numerical implementation. Expectation value and standard deviation of Π are then 
Results
134
The goal of this work is to obtain constraints on the individual coefficients k
and k
. From the measurements described in the previous section we find the combined probability distribution P(k
where the P i (k
, k(B)2m (4) ) are the probabilities that each measurement is compatible with 135 the given set of SME coefficients calculated as described in the previous section. Using the distribution. This choice of proposal distribution leads to a step acceptance rate of about 13 %. We 139 discarded the initial 10 000 steps in order to reduce the dependence of the result on the initial set of limits on the SME coefficients are listed in Table 2 . The constraints turned out to be symmetrical 145 around 0 within at least 2 digit precision. Figure 5 in with mass dimension d = 4 of the minimal SME on the order of 10 −34 , as listed in Table 2 . The results
154
summarized in Table 2 are the first constraints on the individual SME parameters. Furthermore, the 155 results are based on highly significant polarization measurements with well quantified uncertainties.
156
In comparison, the limits published in [19] only constrain combinations of SME parameters, and are that a similar analysis with those data will significantly improve on the results presented here.
165
Future Compton gamma-ray telescopes, such as the proposed All-sky Medium-Energy Gamma-ray Figure 4 shows the probability distributions for all 10 SME coefficients with d = 4 derived in this 181 analysis. Figure 5 shows the correlations between coefficients. No uncertainty of the position angle was specified in the paper. We are able to use this measurement because we always find the position angle the source to exactly match the observed position angle, irrespective of its uncertainty. 
